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Proneural clustersWithin euarthropods, the morphological and molecular mechanisms of early nervous system development
have been analysed in insects and several representatives of chelicerates and myriapods, while data on
crustaceans are fragmentary. Neural stem cells (neuroblasts) generate the nervous system in insects and in
higher crustaceans (malacostracans); in the remaining euarthropod groups, the chelicerates (e.g. spiders) and
myriapods (e.g. millipedes), neuroblasts are missing. In the latter taxa, groups of neural precursors segregate
from the neuroectoderm and directly differentiate into neurons and glial cells. In all euarthropod groups,
achaete–scute homologues are required for neuroblast/neural precursor group formation. In the insects
Drosophila melanogaster and Tribolium castaneum achaete–scute homologues are initially expressed in clusters
of cells (proneural clusters) in the neuroepithelium but expression becomes restricted to the future
neuroblast. Subsequently genes such as snail and prospero are expressed in the neuroblasts which are required
for asymmetric division and differentiation. In contrast to insects, malacostracan neuroblasts do not segregate
into the embryo but remain in the outer neuroepithelium, similar to vertebrate neural stem cells. It has been
suggested that neuroblasts are present in another crustacean group, the branchiopods, and that they also
remain in the neuroepithelium. This raises the questions how the molecular mechanisms of neuroblast
selection have been modiﬁed during crustacean and insect evolution and if the segregation or the
maintenance of neuroblasts in the neuroepithelium represents the ancestral state. Here we take advantage of
the recently published Daphnia pulex (branchiopod) genome and identify genes in Daphnia magna that are
known to be required for the selection and asymmetric division of neuroblasts in the fruit ﬂy D. melanogaster.
We unambiguously identify neuroblasts in D. magna by molecular marker gene expression and division
pattern. We show for the ﬁrst time that branchiopod neuroblasts divide in the same pattern as insect and
malacostracan neuroblasts. Furthermore, in contrast to D. melanogaster, neuroblasts are not selected from
proneural clusters in the branchiopod. Snail rather than ASH is the ﬁrst gene to be expressed in the nascent
neuroblasts suggesting that ASH is not required for the selection of neuroblasts as in D. melanogaster. The
prolonged expression of ASH in D. magna furthermore suggests that it is involved in the maintenance of the
neuroblasts in the neuroepithelium. Based on these and additional data from various representatives of
arthropods we conclude that the selection of neural precursors from proneural clusters as well as the
segregation of neural precursors represents the ancestral state of neurogenesis in arthropods. We discuss that
the derived characters of malacostracans and branchiopods – the absence of neuroblast segregation and
proneural clusters – might be used to support or reject the possible groupings of paraphyletic crustaceans.), j.eriksson@qmul.ac.uk
.
l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
Crustaceans belong to the euarthropods which consist of four
groups: insects, crustaceans, chelicerates and myriapods. There is a
long-standing debate on the internal relationships of euarthropods;
however, two hypotheses are supported by most morphological and
molecular phylogenies: the Tetraconata (Pancrustacea) and the
Mandibulata hypotheses (e.g., Giribet et al., 2005; Regier et al., 2010;Scholtz and Edgecombe, 2005). The Tetraconata consist of insects and
crustaceans, with myriapods being the closest relatives of the
Tetraconata (Tetraconata+Myriapoda=Mandibulata). The relation-
ships within the Tetraconata are not resolved; several phylogenies show
paraphyletic crustaceans and suggest various groupings of crustacean
taxa and insects (e.g., Koenemannet al., 2010;Regier et al., 2005;Regier et
al., 2010; Strausfeld, 2009). However, the following large crustacean taxa
are recognised as monophyletic groups: Malacostraca, Branchiopoda,
Remipedia, Mystacocarida and Cephalocarida (reviewed by Jenner,
2010).
Early neurogenesis has been analysed in representatives of all four
euarthropodgroups and itwas shown that neural stemcells (neuroblasts)
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1976) and malacostracans (Dohle, 1976; Scholtz, 1992), while in
chelicerates and myriapods neuroblasts are missing (Chipman and
Stollewerk, 2006; Dove and Stollewerk, 2003; Kadner and Stollewerk,
2004; Stollewerk et al., 2001). In the latter groups, clusters of neural
precursors are selected in the neuroepitheliumwhich segregate into the
interior and differentiate into neural cells without stem cell-like
divisions. Thus, if we assume that the Mandibulata and Tetraconata
hypotheses are correct, we have to conclude that neural stem cells
evolved in the last common ancestor of insects and crustaceans. This
hypothesis is further supported by several shared characters of insect
and malacostracan neuroblasts (Goodman and Doe, 1993; Ungerer and
Scholtz, 2008). Both in insects and malacostracans, neuroblasts divide
asymmetrically to produce neural precursors (ganglion mother cells
(GMCs)). These divide once to generate the diverse cell types of the
nervous system. Cell lineage studies even suggest that someneuroblasts
are homologous in insects and malacostracans due to their relative
position, proliferation pattern and type of progeny (Ungerer and
Scholtz, 2008). Three studies suggest that asymmetrically dividing
neuroblasts are also present in crustaceans other than malacostracans,
namely in the branchiopods Leptodora kindtii, Triops cancriformis, Triops
longicaudatus and Artemia salina (Gerberding, 1997; Harzsch, 2001;
Wheeler and Skeath, 2005). In these publications large mitotic cells
were identiﬁed in the neuroectoderm as well as smaller cells located
basally/adjacent to them.
However, there is a signiﬁcant difference in the ﬁnal dorso-ventral
position and capacity of insect and crustacean neuroblasts. In insects,
neuroblasts segregate (delaminate) from the single-cell-layered neu-
roepithelium to form a second interior cell layer. In this basal position
they start to divide and produce GMCs (Goodman and Doe, 1993). In
contrast, crustacean neuroblasts do not delaminate but remain in the
outer neuroepithelium. They divide parallel to the surface so that their
progeny generate additional cell layers in the interior of the embryo
(Scholtz, 1992; Ungerer and Scholtz, 2008). Furthermore, in contrast to
insects, malacostracan neuroblasts can switch from the production of
GMCs to the generation of epidermal precursors (Dohle, 1976; Scholtz,
1990).
This raises the question in what ways the molecular mechanisms of
neuroblast formation have been modiﬁed in the individual lineages to
facilitate the segregation of neuroblasts in insects but preventing this
process in crustaceans. The initiation of development of the arthropod
nervous system involves the activity of proneural genes that encode
transcription factors of the basic Helix–Loop–Helix (bHLH) class
(Bertrand et al., 2002; Cabrera et al., 1987; Dove and Stollewerk, 2003;
Kadner and Stollewerk, 2004; Stollewerk et al., 2001; Wheeler et al.,
2003;Wheeler and Skeath, 2005). Themolecular processes of neuroblast
formation have been analysed in great detail in Drosophila melanogaster
but only fragmentary data are available for the remaining insects and the
crustaceans. InD.melanogaster, proneural genes are initially expressed in
small groups of neuroectodermal cells which are located at stereotyped
positions in each segment. Proneural gene expression becomes restricted
to single cells of the cluster by aprocess called lateral inhibition,mediated
byNotch signalling (Heitzler and Simpson, 1991). TheNotch ligandDelta
is up-regulated by proneural proteins in future neuroblasts and activates
the Notch signalling cascade in neighbouring cells resulting in down-
regulation of proneural gene expression (Heitzler et al., 1996).
Neuroblasts delaminate within minutes of their speciﬁcation and
proneural gene expression is switched off in the delaminated neuroblast.
Although theprocess of lateral inhibitionhasneitherbeenanalysed in the
ventral neuroectoderm of other insects nor in crustaceans, it has been
suggested thatboth the single Triboliumcastaneum (insect)achaete–scute
homologue (ASH) and the ASH1 gene of the crustacean T. longicaudatus
(branchiopod) are expressed inproneural clusters that become restricted
to single neuroblasts (Wheeler et al., 2003; Wheeler and Skeath, 2005).
As a consequence of high levels of proneural gene expression,
neural precursor genes such as asense (ase), snail (sna) and prospero(pros) are activated in D. melanogaster neuroblasts (Southall and
Brand, 2009). The neural cell fate determinant Pros is asymmetrically
distributed into the GMCs where it enters the nucleus and suppresses
neuroblast speciﬁc genes such ase and sna. Both ase and sna regulate
the mitotic activity of neuroblasts among others and sna is in addition
required for neuroblast spindle rotation which occurs prior to the
production of GMCs (Cai et al., 2001).
Here we take advantage of the recently published Daphnia pulex
genome and identify genes in Daphnia magna that are known to be
required for the selection and asymmetric division of neuroblasts in
the fruitﬂy D. melanogaster. We unambiguously identify neuroblasts
in D. magna by molecular marker gene expression and division
pattern. We show that the process of selection of neuroblasts is
different in branchiopods and insects, while the expression of neural
precursor genes suggests similar mechanisms of asymmetric cell
division and differentation.
Materials and methods
D. magna culture and egg collection
D. magna (clone I1Inb1 — kindly provided by Dieter Ebert, Basel)
were kept in groups of 15–20 individuals in glass jars (400 ml) ﬁlled
with artiﬁcial Daphniamedium (original recipe by Ebert et al. (1998))
at room temperature. They were fed with the green alga Scenedesmus
obliquus (kindly provided by Dieter Ebert, Basel) twice per week. The
green alga was kept at room temperature in a semi-continuous
culture using a 3 l Erlenmeyer ﬂask under constant aeration and light.
Algae were collected twice per week and fresh autoclaved medium
was added (medium recipe after Ebert D, Web guide to Daphnia
parasites, http://evolution.unibas.ch/ebert/lab/algae.htm).
D. magna females release their eggs into a dorsal brood pouch,
which is the space between the carapace and the dorsal side of the
trunk. In order to collect the eggs, females were transferred to a petri
dish in a small drop of medium. While ﬁxing them by pinning the
carapace facing the petri dish downwith a blunt needle, the eggs were
gently removed from underneath the carapace with a second blunt
needle.
Fixation of embryos
For immunohistochemistry and Phalloidin staining the embryos
were ﬁxed in a 4% paraformaldehyde solution in a phosphate buffered
saline solution (107 mM NaOH, 136 mM NaH2PO4.H2O, 0.45 mM
CaCl2, 67 mM glucose — pH 7,3) for 30 min. For scanning electron
microscopy embryos were ﬁxed in Bouin's ﬂuid (75% saturated
aqueous picrid acid solution, 20% saturated formaldehyde, 5% glacial
acetic acid) for 1 h. For in-situ hybridisation embryos were ﬁxed in
9.25% formaldehyde solution in 50 mM EGTA in 1× PBS (pH 7.4) for
30 min. The embryoswere dechorionated and devitellinizedmanually
using ﬁne dissecting needles. For in-situ hybridisation embryos were
dehydrated in a graded series of methanol in PBT (PBS and 0.1%
TWEEN 20) and were stored for at least 5 days at −20 °C.
In situ hybridisation
Embryos were rehydrated to 100% PBT through a graded series of
methanol and prehybridised at 60 °C in hybridisation buffer (50%
formamide in 5× SSC, 0.1% Tween 20, 50 μg/ml yeast tRNA, 50 μg/ml
heparin). A DIG and, in case of double in situ hybridisation, a
ﬂuorescein labelled probewere added. The in situ hybridisations were
done for at least 15 h at 60 °C. Probes were removed and embryos
washed (15 min and 60 min in hybridisation buffer, 15 min in 2× SSC,
3×15 min in 0.2× SSC — 60 °C). After these stringent washes the
embryos were washed in PBT for 3×5 min and then incubated in
blocking solution (Perkin Elmer blocking reagent) for one hour at
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fragments coupled to alkaline phosphatase (Roche) were added and
embryos were left over night at 4 °C. The antibody solution was
removed and the embryos were washed for 2 h with 5 changes of PBT.
Embryos were equilibrated in a buffer (100 mM NaCl, 50 mM MgCl2,
100 mMTris–HCl (pH9.5), 0.1% Tween 20) for NBT/BCIP (Sigma) colour
reaction or 100 mM Tris–HCl pH 8.2 with 0.1% Tween 20 for fast red
tablet (Roche). Embryos were stained for 1 to 3 days and then washed
with PBT. Before continuing with double in situ hybridisation the
alkaline phosphatase enzymewas denatured by placing the embryos at
70 °C and then ﬁxation with 4% formaldehyde in PBT (pH7.4) for two
hours. Additional nucleic staining was done with Hoechst 33258
(Sigma). A kit from Perkin Elmer and the provided protocol were used
for ﬂuorescent in situ hybridisation.
Immunohistochemistry
Embryos were rinsed in PBS (3×5 min) and washed in PBT
(4×30 min) (1× PBS, 0.2% Bovine SerumAlbumin, 0.1% Triton X-100),
followed by a 1 h incubation in blocking reagent (Roche). The
monoclonal anti-acetylated α-tubulin (α-tub) antibody (clone
6-11B-1, Sigma) (diluted at 1/100 in PBT) was applied over night at
4 °C. Subsequently, the samples were rinsed several times (3×5 min,
4×30 min) in PBT followed by a 1 h incubation in blocking reagent
(Roche), and incubated in donkey anti-mouse serum conjugated to Cy3
(Jackson Immunoresearch) (1:500 in PBT) over night at 4 °C. After
rinsing in PBS (3×5 min, 4×30 min), embryos were counterstained
eitherwithHoechst 33258 (1 μg/ml; Sigma) or Sytox green (Invitrogen)
for 1 h. Theywerewashed 3×10 min and transferred to 70%Glycerol in
PBS.
Phalloidin staining
Embryos were rinsed in PBS (3×5 min, 4×30 min), incubated in
1%BSA (Bovine Serum Albumine in PBS) for 1 h and subsequently
transferred to Phalloidin solution (10 μl of AlexaFluor 488-phalloidin
(Invitrogen) in 200 μl PBS) and left therein at 4 °C over night. Embryos
were washed in PBS (4×30 min), counterstained with Hoechst 33258
(1 μg/ml; Sigma) for 1 h. Theywerewashed 3×10 min and transferred
to 70% Glycerol in PBS.
Scanning electron microscopy
For scanning electron microscopy (SEM) the embryos were
dehydrated in a graded ethanol series and dried with hexamethyldi-
silazane (HMDS, Roth) with one intermediate step of 1:1 Ethanol
100% and HMDS. After vaporisation of the HDMS the specimens were
mounted and sputtered with gold using an Agar Auto Sputter Coater
and a SEM FEI Inspect F was used to take the images.
Data analysis
A Leica DM IL FLUO with Leica DFC420C camera was used for
documentation. Confocal laser-scanningdata stackswere obtainedusing
a Leica SP5 microscope. The confocal image stacks were analyzed with
the 3D-reconstruction software IMARIS (Bitplane AG, Switzerland).
Isolation of D. magna snail, prospero, ASH and asense
D. magna snail (Dam-sna), D. magna pros (Dam-pros), D. magna
achaete–scute-homologue (Dam-ASH) and D. magna ase (Dam-ase) were
ampliﬁedbyPCRoncDNAsynthesized fromRNAextracted fromembryos
of a mixture of embryonic stages. We constructed the following speciﬁc
primers based on D. pulex sequences (wFleaBase): Dam-pros forward:
GAAGTTGACATCGGGGAAGA, reverse: AACAACACGGAACTGGAAGG;
Dam-sna forward: CCAGAATCAGAAGCGACTCC, reverse: GCTTGCAGCT-GAAGGATTTC, Dam-ASH forward: ACAACAACCTGACGCCAAC, reverse:
TAGTGACGTGCTGACGGAAG. For the construction of speciﬁc primers for
Dam-asense we used the D. magna sequence (kindly provided by Dieter
Ebert): Dam-ase forward: TCTTAAACCCGAAGCTTCG, reverse:
GGATGTCGAGAGTCCAGCTA.
The DNA fragments were cloned into pGEM-T easy vectors
(Promega) for probe preparation and sequencing. RNA probes were
prepared froma847 bpDam-sna fragment, a 903 bpDam-pros fragment,
a 530 bp Dam-ASH fragment and a 581 bp Dam-ase fragment. The
GenBank accession numbers are: HQ222892, Dam prospero; HQ222893,
Dam snail; HQ222894, Dam ASH; and HQ222895, Dam asense.
Staging
An embryonic staging system has not been developed yet for
D. magna. D. magna embryos develop in the female brood pouch and
are released as juvenile instars after 2 to 3 days. Neurogenesis starts
in the ventral neuroectoderm of the trunk when the limb buds of the
ﬁrst and second antenna and themandibles are visible and before the
intersegmental furrows of the trunk form. We named this stage
neurogenesis stage 1 (NS1). In NS2 the formation of the interseg-
mental furrows starts in the trunk region and the trunk (thoracic)
segments 1 to 3 become visible. In NS3, four trunk segments can be
morphologically distinguished. In NS4, the ﬁfth trunk segment
becomes visible and the limb buds of trunk segments 1 to 4 start to
differentiate. In NS5, maxilla 1 and 2, whose development is delayed
as compared to the trunk segments, have formed and the 5th trunk
limb starts to differentiate.
Results
We identiﬁed a single ASH [GenBank: HQ222894] and ase
homologue [GenBank: HQ222895] in D. magna based on the recently
published D. pulex genes (Ayyar et al., 2010). Furthermore, we cloned
a single pros homologue [GenBank: HQ222892] which shows the
highest similarity to the ﬂour beetle T. castaneum pros and the spider
Cupiennius salei pros. We also identiﬁed a single member of the Sna
family which we named Dam sna [GenBank: HQ222893]. This is in line
with a study by Kerner et al. (Kerner et al., 2009) which detected Sna
superfamily members in several metazoan species with fully
sequenced genomes by systematic BLAST searches and found a single
sna gene in D. pulex, whereas in Drosophila species, for example, 3
copies of sna genes are present (sna, escargot, worniu) (Suppl. Fig. 1).
We studied the expression patterns of these neural genes in the
ventral neuroectoderm(VNE) of theD.magna trunkwhich gives rise to
part of the characteristic arthropod rope-ladder-like nervous system
(e.g., Bullock and Horridge, 1965). At the beginning of neurogenesis,
the VNE cells can be distinguished from the lateral area that gives rise
to the limb buds by their distinct size and arrangement (Fig, 1A). The
VNE is medially divided by a longitudinal column of midline cells
(Fig. 1A, arrows). During later stages the outgrowing limbbuds enclose
the VNE (Fig. 1B). There is a steep anterior to posterior gradient in the
development of the trunk segments as well as various degrees of
asynchronism between the two body halves which is in accordance
with ﬁndings in other crustaceans (e.g., Ungerer andWolff, 2005). We
have subdivided the analysed stages into neurogenesis stage 1 to 5 (NS
1 to 5) based on morphological criteria (see Materials and Methods).
Expression patterns of Dam sna and Dam ASH
Dam sna is the ﬁrst of the neural genes to be expressed in the VNE.
Dam sna expression in the trunk VNE starts before formation of the limb
buds and the intersegmental furrows (NS1; Figs. 2A,B). Bilateral
longitudinal bands of Dam sna expressing cells ﬂank the midline; their
medial–lateral extension varies from 1 to 6 cells. In addition, Dam sna is
expressed in transverse stripes, lateral to the VNE (Fig. 2B, arrowheads).
Fig. 1.Morphology and position of the ventral neuroectoderm in Daphnia magna. Scanning electron micrographs of D. magna embryos; anterior is towards the top. (A) The VNE cells
can be distinguished from the lateral ectoderm which generates the limbs. The stippled lines mark the border between the VNE and the lateral ectoderm. The arrows point to the
midline cells which are elongated along the medial–lateral axis. The arrowheads indicate the intersegmental furrows. (B) In later stages, the limb buds mark the lateral border of the
VNE (stippled line). The arrows point to the column of midline cells. a1–a2, antenna 1 and 2; lb, labrum; md, mandibular segment; mdl, mandibular limb bud; mx1–mx2, maxillary
segment 1 and 2; mxl1, mxl2, maxillary limb bud 1 and 2; pr, proctodeum; t1–t3, thoracic segments 1 to 3; tl1–tl5, thoracic limb buds 1 to 5. Scale bars: 50 μm.
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mental furrows form since the pattern is maintained and coincides with
the intersegmental furrows in later stages (Figs. 2G,L, arrowheads). The
expression is exclusively ectodermal (data not shown) and heteroge-
neous as Dam sna is up regulated in subsets of cells (Fig. 2B, arrows).
In the next stage (NS2) the expression pattern in the VNE of the
anterior trunk segments (thoracic segments 1 to 3) has assumed a
ring-like shape with barely detectable expression in the enclosed area
(Fig. 2G), while the posterior segments show largely the same
expression pattern as in NS1. The ring-like expression becomes more
pronounced in NS3 and 4 and extends into further posterior segments
(Figs. 2L,Q). In NS5 the ring-like structure starts to dissolve as cells
cease to express Dam sna (Fig. 2V).
In contrast to Dam sna, Dam ASH is not expressed in the trunk
neuroectoderm until the second stage of neurogenesis (NS2; Figs. 2C,
H). At NS2, Dam ASH expression can be detected in the VNE of the
thoracic segments 1 to 3. Most of the cells in this area express Dam
ASH at low levels. In addition, the gene is up-regulated in cells that are
located in the ring-like expression domain of Dam sna in the ﬁrst and
second thoracic segments (Fig. 2H, compare to G). The anterior to
posterior gradient of development in the thoracic segments clearly
reveals that Dam ASH is up-regulated in the ring-like domain after
Dam sna (compare square 1 in Figs. 2 G and H). The Dam ASH
expression pattern is maintained in the VNE at NS3 and extended into
the third thoracic segment (Fig. 2M). In NS4, the ring-shaped domain
of cells with high levels of Dam ASH is visible in all ﬁve thoracic
neuromeres (Fig. 2R). The expression decreases to uniform levels in
the whole neuroectoderm in NS5 (Fig. 2W).
Do neuroblasts arise in the ring-shaped expression domains of Dam ASH
and Dam sna?
In order to analyse if the expression domains of the neural genes
coincide with the formation of neuroblasts, we studied the expression
patterns of two genes, pros and ase, that are exclusively expressed in
neuroblasts in theDrosophilaVNE. As inDrosophila,Damase is expressed
later thanDamASH (Figs. 2D,I,N,S,X). InNS2, single cells expressDamase
in the VNE of the ﬁrst and second thoracic segments (Fig. 2i). In the
following three stages (NS3 to NS5) Dam ase shows a highly dynamic
expression pattern (Figs. 2N,S,X). Cells with high levels of Dam ase are
located in the ring-shaped domain andexpression is barely detectable or
absent in the encircled areas (Fig. 2N,S,X).Damase expression accurately
reﬂects theASH expression pattern of preceding stages (e.g. compare the
squares with the same numbers in the Dam ASH and Dam ase column inFig. 2) indicating that all cells with up-regulated ASH expression develop
into neuroblasts. Dam pros expression starts at the same time as that of
Dam ase (NS2)(Figs. 2E,J). Like Dam ase, Dam pros is expressed in
individual neuroblasts in the VNE which partially overlap with the Dam
ase expressing cells (Figs. 2O,T,Y). In some neuroblasts ase is expressed
before pros, while others express pros ﬁrst followed by ase (compare
arrows in Figs. 2J,N,O and arrowheads in 2I and O). Due to the highly
dynamic expression, the ring-shaped arrangement of Dam pros positive
cells is less obvious than in the remaining neural expression patterns
analysed.
To summarise, the molecular data suggest that neuroblasts are
generated at stereotyped positions in a ring-shaped domain in each
hemi-neuromere.Morphological analysis of neuroblast formation
In order to correlate the molecular data with the morphological
process of neuroblast formation, we analysed the cell divisions in the
VNE in NS1 to 5 by staining embryos with the nuclear marker Hoechst.
There are barely any cell divisions in the ventral trunk neuroectoderm
before NS3 (Figs. 3A–C), whereasmany divisions can be observed in the
lateral region of the prospective limb buds aswell as in the proctodeum
and the surrounding area (Figs. 3A,B). The few divisions observed in the
VNE take place exclusively in the plane of the ectoderm, thus with a
spindle axis parallel to the surface (data not shown).
In NS3, two types of divisions occur in the VNE of the trunk
segments as visualised by staining against acetylated α-tubulin.
Acetylated α-tubulin stains the so-called midbody during cytokine-
sis which contains the densely packed remains of the central spindle
microtubules (Fig. 4A) (Alberts et al., 2008). Symmetric divisions
occur in the plane of the neuroectoderm (spindle axes parallel to the
neuroectodermal layer) (Figs. 4A,D′), while asymmetric divisions result
in the generation of smaller cells that come to lie inside the neuromeres
(spindle axes perpendicular to neuroectodermal layer) (Figs. 4B,C,C′).
In NS5, three longitudinal rows of these smaller cells lie beneath the
ectoderm in each hemi-neuromere along the gut anlage (Fig. 4D). At this
time the small cellsdivide symmetrically (Fig. 4D,D′).Nopreferred spindle
direction could be observed. The small cells can easily be identiﬁed by
their bright staining for theDNAmarkerHoechst,which is probablydue to
high chromatin density (Figs. 4D,D′). We could not determine whether
these cells divide only once or several times. Analysis of embryos with
marginal asynchronism of the body halves strongly suggests that all three
types of divisions take place in a bilateral symmetric pattern (Figs. 4A,B).
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mitotic cells and found that the gene is exclusively expressed in
asymmetrically dividing cells (Figs. 4E–E″). This data conﬁrms that –
like in Drosophila – Dam pros is expressed in dividing neuroblasts in
D. magna. In addition, all Dam pros positive neuroblasts co-express
Dam ASH and continue to express Dam sna (Fig. 5). This is in contrast
to D. melanogasterwhere ASH is down-regulated before pros starts to
be expressed and the neuroblasts divide. Taken together the data
show that neuroblasts are generated at stereotyped positions in the
VNE of D. magna. Like malacostracan neuroblasts, D. magnaneuroblasts remain in the neuroectoderm and divide asymmetrically
to generate smaller ganglion mother cells which in turn divide
symmetrically.
Discussion
Neuroblasts with malacostracan features are present in branchiopods
We present here for the ﬁrst time a comprehensivemolecular and
morphological study of neurogenesis in a crustacean, the
Fig. 3. Cell divisions in the ventral neuroectoderm of Daphnia magna. Confocal micrographs of whole mount (A) and ﬂat preparations (B,C) of embryos stained with the nuclei marker
Hoechst; anterior is towards the top. b and c are 3D reconstructions of confocal data stacks generated in IMARIS. (A,B) Cell divisions are almost absent in the VNE before late NS3,
while many cells divide in the lateral ectoderm. (C) Many cells divide in the VNE from late NS3 onward (arrows). a2, antenna 2;md, mandibular segment;mx2, maxillary segment 2;
mxz, maxillary zone; pr, proctodeum; st, stomodeum; t1–t2, thoracic segments 1 and 2; tl1–tl4, thoracic limb bud 1 to 4. Scale bars: 50 μm.
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present in D. magna based on division patterns and molecular
markers (ASH, ase, sna, pros). As in insects and malacostracans
(Goodman and Doe, 1993; Ungerer and Scholtz, 2008), D. magna
neuroblasts divide asymmetrically to generate smaller GMCs. The
GMCs divide again to generate two small cells of equal size. In
contrast to insects but similar to malacostracans, branchiopod
neuroblasts do not delaminate, rather, they remain in the neuroec-
toderm dividing parallel to the surface so that the ganglion mother
cells come to lie interiorly. Although it has been shown before that
large asymmetrically dividing cells are present in the VNE of
branchiopods, it was not demonstrated that these are neuroblasts
producing GMCswhich again divide equally as inmalacostracans and
insects (Gerberding, 1997; Harzsch, 2001; Wheeler and Skeath,
2005).
The exact number of neuroblasts is not known in crustaceans,
however, it has been estimated that about 26 to 30 neuroblasts form in
each trunk hemi-neuromere in malacostracans (Ungerer and Scholtz,
2008). In linewith these results, a preliminary count of Dam sna and ase
positive cells suggests a minimum number of 25 neuroblasts per hemi-
neuromere inD.magna (data not shown). However, due to the dynamic
expression pattern – in particular of asense –we cannot be sure that all
cells that express these genes at one stage are exactly the same that
express the genes in the next stage (although the overall numbermightFig. 2. Temporal and spatial expression patterns of neural genes in the ventral neuroectode
embryos stainedwith DIG-labelled RNA probes ofDam sna,DamASH,Damase andDam pros, r
with a DIG-labelled Dam sna probe and the nuclei marker Hoechst; U is a single Hoechst stain
stage NS1. The V-shaped anterior domain corresponds to Dam sna expression in the neuroe
thoracic area of the neuroectoderm. Segments cannot be distinguished yet. Dam sna is exp
arrowheads indicate expression of Dam sna in stripes lateral to the VNE. Neither Dam ASH n
(F) Overview of an embryo at stage NS2. The intersegmental furrows (arrowhead) are visi
segments 1 to 3. Square 1 indicates the expression in the 3 rd thoracic hemi-segment. The a
expressed in ring-like domains later thanDam sna; compare square 1 in h and g. Square 2 indic
in a single neuroblast (arrowhead) close to themidline in themiddle of the hemi-segments (sq
at the anterior border of the segments. Dam pros andDam ase are not expressed in the same n
be morphologically distinguished. (L) Dam sna is expressed in a ring-like pattern in all 4 trun
(M) Dam ASH is up-regulated in cells that are located in the ring-like expression domain of Da
NS3,Damase is expressed in a ring-like patternwhich is similar toDamASH expression in the s
anterior medial border of the hemi-segment which are located in the same position as the pr
maintained in the neuroblasts at the anterior medial border and an additional neuroblast
(arrowhead in I) expresses pros (compare square 5 in I, J, O). (P) In NS4, the ﬁfth trunk seg
(Q) Dam sna is expressed in a ring-like pattern in all 5 trunk segments. The arrowheads poin
cells in the ring-like expression domain. Square 4 outlines Dam ASH expression in the second
limbs. (S) Dam ase is expressed in a similar pattern as Dam ASH at stage NS3 (compare square
maxilla 1 and 2 have formed and the 5th trunk limb starts to differentiate. (V) Dam sna is st
neuroblasts (arrows; compare to same area in Q). (W) In NS5, Dam ASH is expressed at homo
levels in the developing limbs (arrowheads). (X) Dam ase is expressed in a similar pattern
additional neuroblasts (compare to T). mxz, maxillary zone; t1–t5, thoracic segments 1 to 5be the same). The genes might be down-regulated in neuroblasts that
have ﬁnished producing their lineage and up-regulated again in
neuroblasts that arise during later stages. Therefore, additional analysis
of genes that are expressed in subsets of neuroblasts is required to allow
for the identiﬁcation of individual neuroblasts and establishing an
authentic neuroblast map.
Furthermore, our data uncover evolutionary modiﬁcations in the
expression patterns of neural genes in D. magna and in insects that
might explain the difference in the ﬁnal position of neuroblasts in
these two groups. In the following paragraphs we discuss the
expression patterns and (potential) functions of ASH, sna, ase and
pros homologues in insects and crustaceans.
Evolutionary modiﬁcations in the generation of neuroblasts in insects
and branchiopods
In the VNE of the insect D. melanogaster, neuroblasts are selected
fromgroups of cells (proneural clusters) that express achaete, scute and/
or lethal of scute (Achaete–Scute complex (AS-C) genes) (Cabrera et al.,
1987). Proneural gene expression becomes restricted to the nascent
neuroblast by lateral inhibition mediated by Notch signalling (Heitzler
et al., 1996) (Fig. 6A). The existence of proneural clusters in the VNE has
been shown for one additional insect, the ﬂour beetle T. castaneum
(Wheeler et al., 2003).rm of Daphnia magna. Confocal and light micrographs of ﬂat preparations of D. magna
espectively; anterior is towards the top. The embryos in A,F,K and Pwere double-stained
ing. The dashed vertical lines indicate the ventral midline. (A) Overview of an embryo at
ctoderm of the head segments. (B–E) High magniﬁcations of the maxillary and anterior
ressed at heterogeneous levels. The arrows point to cells with higher expression. The
or Dam ase or pros are expressed in the maxillary or the trunk neuroectoderm in NS1.
ble at this stage. (G) Dam sna is expressed in ring-like expression domains in thoracic
rrowhead indicates Dam sna expression in the intersegmental furrow. (H) Dam ASH is
atesDamASH expression in the 1st thoracic hemi-segment. (I)Damase expression starts
uare 5). (J)Dampros isﬁrst expressed in a single neuroblast (arrow) close to themidline
euroblasts at this stage (compare square 5 in I and J). (K) In NS3, four trunk segments can
k segments. The arrowheads indicate Dam sna expression in the intersegmental furrow.
m sna. Square 3 outlinesDam ASH expression in the third thoracic hemi-segment. (N) At
ame region in NS2 (compare square 2 inH andN). The arrowpoints to neuroblasts at the
os positive neuroblasts shown in J and O (arrows in J and O). (O) Dam pros expression is
(arrowhead) which is located in a similar position as the ase positive neuroblast in I
ment becomes visible and the limb buds of trunk segments 1 to 4 start to differentiate.
t to sna expression in the intersegmental furrows. (R) Dam ASH is up-regulated in many
thoracic hemi-segment. The arrowheads indicate Dam ASH expression in the developing
3 in M and S). (T) Dam pros in additional neuroblasts in NS4 (compare to O). (U) In NS5,
ill expressed in the ring-like expression domains but becomes down-regulated in some
geneous levels in all cells of the ventral neuromeres. The gene remains expressed at high
as Dam ASH in NS4 (compare square 4 in R and X). (Y) Dam pros is expressed in many
. Scale bars: (a) 75 μm in A,F,K,P,U; (b) 50 μm in B–E, G–J, L–O, Q–T, V–Y.
Fig. 4. Daphnia magna neuroblasts divide in the same pattern as insect andmalacostracan neuroblasts. Confocal micrographs of 3D reconstructions (IMARIS) of optical horizontal and
cross sections of embryos stained with anti-acetylated α-tubulin (red), Hoechst (green) and a DIG-labelled Dam pros RNA probe (blue). The stippled lines outline the neuromeres,
limb buds and gut anlage, respectively. The dashed lines indicate the ventral midline. (A) Horizontal section through a thoracic neuromere at NS4. The arrowheads point to bilateral
symmetric divisions in the plane of the VNE. The asterisks mark the nuclei of cells dividing asymmetrically and parallel to the ectoderm. (B) Cross section through a thoracic
neuromere at NS4. The small GMCs (white dots) presumably derive from the neuroblasts labelled with asterisks. The neuroblasts remain in the VNE. The stippled lines encircle the
nuclei of two GMCs and neuroblasts from which these GMCs presumably derive. (C) Horizontal section through a thoracic neuromere at NS3–4. The asterisk marks a neuroblast
which divides asymmetrically. The stippled horizontal lines indicate the level of the cross section shown in C′. (C′) The cross section shows a dividing neuroblast (asterisk) and the
internally located GMCs (white dots). The neuroblast and the GMC on the right side are still connected by the midbody (arrow). At this stage of mitosis (cytokinesis) the size
difference of the neuroblast and GMC nuclei is not as pronounced as in the interphase since the nuclei have not reached their ﬁnal dimension. The brackets on top of the GMC and
below the neuroblast (nb) indicate the diameter size of the cells (GMC: 4.5 μm; neuroblast: 6 μm). (D) Basal horizontal section showing the arrangement of GMCs (white dots) in
three longitudinal rows at NS5. The bold stippled lines encircle the daughter cells of GMCs which are still connected by the midbody. The centre of the white cross is the same area
shown in D′. (D′) Cross section at the level of the white horizontal line shown in D. The bold stippled line encircles the same cells as in the horizontal section in D. The dashed square
surrounds a neuroectodermal cell that divides symmetrically in the plane of the VNE. The white dots mark GMCs. (E) Horizontal section through thoracic neuromere showing the
expression of Dam pros (blue) at NS3. The square encircles the area shown at highmagniﬁcation in E′. The stippled horizontal lines indicate the level of the cross section shown in E″.
(E′,E″) The horizontal and cross sections show the bilateral arrangement of pros positive neuroblasts (bold stippled lines) on each side of the ventral midline. Dam pros expressing
neuroblasts divide asymmetrically to generate smaller GMCs that come to lie internally. The bold stippled lines in E″ encircle a neuroblast and GMC.We assume that the GMC derives
from the prospero expressing neuroblast because of the close proximity of the neuroblast and the GMC and the similarity inmorphology of the neuroblast/GMC complex as compared
to insects and malacostracans (Dohle, 1976; Januschke et al., 2011). The dashed line encircles cells that divide symmetrically in the VNE. gmc, ganglion mother cell; nb, neuroblast;
t1–t2, thoracic segment 1 and 2. Scale bars: (A) 10 μm; (B) 15 μm; (C′) 20 μm in C, C′; (D′) 20 μm in D, D′; (E) 50 μm; (E′) 15 μm in E′, E″.
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proneural clusters in D. magna, however (Fig. 6B). ASH is expressed
at low levels in the whole neuroectoderm and is up-regulated in
different subsets of cells in the course of neurogenesis. All cells
expressing high levels of Dam ASH are located in the ring-like
expression domain in each hemi-neuromere. We assume that Dam
ase is switched on in all cells that strongly express ASH since ase
expression accurately reﬂects the ASH expression pattern of preceding
stages (e.g. compare Figs. 2H and N). InD. melanogaster, ase expression
is regulated by the AS-C genes, among others, and ase is exclusivelyexpressed in neuroblasts after their selection (Brand et al., 1993;
Gonzalez et al., 1989). The gene is required for the correct
differentiation of neural precursors. The exclusive expression of ase-
like genes in neural precursors seems to be conserved in other
euarthropod groups (Ayyar et al., 2010; Stollewerk et al., 2001;Wheeler
and Skeath, 2005). We conclude that ASH and ase are exclusively up-
regulated in neuroblasts in D. magna and that neuroblasts are not
selected from proneural clusters.
These data are in linewith a recent study of the expression pattern of
ASH genes in the branchiopod T. longicaudatus (Wheeler and Skeath,
Fig. 5. Dam prospero, snail and ASH are coexpressed in neuroblasts. Confocal micrographs of 3D reconstructions (IMARIS) of optical horizontal and cross sections of embryos stained
with Hoechst (green), a DIG-labelled Dam sna RNA probe (red), a DIG-labelled Dam pros RNA probe (blue) and a DIG-labelled Dam ASH probe, respectively; anterior is towards the
top. The stippled lines outline the limb buds and gut anlage, respectively. The dashed lines indicate the ventral midline. (A) At NS1, Dam sna is expressed in neuroblasts (arrows) in
the anterior head neuromeres including themandibular neuromere. Expression is not yet visible in the VNE (arrowhead), where Dam sna is expressed at heterogeneous levels. (B) At
NS2 Dam pros is expressed in one neuroblast (encircled) per hemi-segment which is located at the anterior medial border. These neuroblasts co-express Dam sna. (C) High
magniﬁcations of a hemi-neuromere showing co-labelling of Dam sna and pros (arrows). (D,D′) Dam ASH is expressed in all VNE cells. The arrow in d points to Dam ASH expression in
the limb bud (compare to Fig. 2R). a2, antenna 2; md, mandibular segment;mx1–2, maxillary segment 1 and 2; st, stomodeum; t1–t4, thoracic segments 1 and 4. Scale bars: 50 μm.
49P. Ungerer et al. / Developmental Biology 357 (2011) 42–522005). Similar to Dam ASH1, Tl-ASH1 is expressed at low levels in all
neuroectodermal cells and up-regulated in subsets of cells. Tl-ASH2,
which actually is an ase orthologue (Ayyar et al., 2010), comes on later
than Tl-ASH1 and is expressed in a ring-like structure in each hemi-Fig. 6. Comparison of the expression of neural genes in D. melanogaster and D. magna. Schema
(A) In D. melanogaster, both sna and the AS-C genes are expressed in proneural clusters a
expressed in proneural clusters. Dam sna is expressed before ASH. Neuroblasts arise next to e
neuroblasts. Ase, pros and sna are co-expressed in the delminated neuroblasts and in the GM
in contrast to D. melanogaster, Dam ASH remains expressed in the neuroblasts.neuromere, similar toD.magna ase andASH1. However,wedonot agree
with the authors' conclusion that these expression patterns suggest the
presence of proneural clusters comparable to insects. The expression of
higher and lower levels of Tl-ASH1 is not an indicator of proneuraltic drawings of horizontal (A,B) and transverse (C,D) views of the VNE and neuroblasts.
nd become restricted to spaced neuroblasts. (B) In D. magna neither sna nor ASH are
ach other. (C) In D. melanogaster the AS-C genes are down-regulated in the delaminated
Cs. (D) The same genes are expressed in the dividing neuroblasts of D. magna; however,
50 P. Ungerer et al. / Developmental Biology 357 (2011) 42–52clusters. The selection of neuroblasts from proneural clusters results in
the spacedarrangementof neuroblasts as seen in insects. In contrast, the
branchiopod neuroblasts are located next to each other in the ring-like
expression domain which strongly argues against a mechanism of
neuroblast selection comparable to insects.
Furthermore, we uncovered a temporal shift in the onset of Dam
ASH and Dam sna expression as compared to D. melanogaster. The
D. melanogaster members of the Snail (sna, escargot, worniu) family
have been classiﬁed with the pan-neural genes which are expressed in
all neuroblasts after their formation (Ashraf et al., 1999). sna and
escargot (esg), however, are expressed in proneural clusters at the same
timeand in the samepattern as the AS-C genes before the segregation of
the ﬁrst neuroblasts (Ashraf et al., 1999; Ip et al., 1994) (Fig. 6A). It has
beenshownat least for sna that its expression is independentof theAS-C
genes and daughterless suggesting that a parallel genetic pathway
regulates sna expression in proneural clusters (Ip et al., 1994).
In contrast to Drosophila, Dam sna is clearly expressed in the
neuroblasts before onset of ASH expression (Fig. 6B). This raises the
question of the role of Dam ASH in neural cell fate decision. In Drosophila,
the AS-C genes are required for conferring neural potential to neuroecto-
dermal cells and deletion of the AS-C genes leads to loss of neuroblasts
(Cabrera and Alonso, 1991). Although members of the Sna family are
expressed in parallel to (or slightly later than) the AS-C genes, deletion of
all three sna-like genes does not affect the formation of neuroblasts but
results in the absence of neural identity markers and subsequent defects
in the axonal pattern (Ashraf et al., 1999). These mutant phenotypes are
related to sna function in asymmetric division of neuroblasts among
others (Ashraf and Ip, 2001). While the persistent expression of Dam sna
suggests a similar functionduring later stages inD.magna (seebelow), the
potential early role of the gene remains elusive. The fact that Dam sna is
the earliest gene to be expressed in the neuroblasts suggests that the
neural fate is determined before onset of ASH expression inD. magna and
that ASH ismerely required formaintaining the neural fate and regulating
down-streamgenesof theneural pathway.Which functioncouldDamsna
have in the early neuroblasts? It has been shown recently that Sna binds
and possibly activates neuroblast fate genes in Drosophila, such as
grainyhead, numb, prospero and seven-up (Southall and Brand, 2009).
These data support the hypothesis that Sna, rather than ASH initiates the
neural programme inD.magna. Future studieswill show if neuroblasts are
missing in the absence of sna function in D. magna and if sna is indeed at
the top of the neural programme.
Segregation of neuroblasts versus maintenance of position in the
neuroectoderm
In D. melanogaster, neuroblasts delaminate from the VNE within
minutes of their speciﬁcation and the AS-C genes are down-regulated
(Campos-Ortega, 1993) (Fig. 6C). Delamination is accompanied by
morphological changes of all cells that express proneural genes (i.e. the
proneural clusters). All cells of the proneural clusters enlarge, but
decrease in size again after delamination of the neuroblasts. Functional
analysis revealed that the AS-C genes are responsible for the cell size
changes (Stollewerk, 2000). In contrast, proneural gene expression does
not involvemorphological changes inD.magnawhich is in linewith the
absenceof proneural clusters anddelamination.We alsodid not observe
an exclusive enlargement of neuroblasts as has been described for
T. longicaudatus (Wheeler and Skeath, 2005).
Furthermore, Dam ASH continues to be expressed in the neuro-
blasts throughout neurogenesis in contrast to the AS-C genes of
Drosophila (Cabrera et al., 1987) (Fig. 6D). The prolonged expression
of Dam ASH might reﬂect the need to maintain the neural fate in the
presence of factors that promote epidermal development, whereas
Drosophila neuroblasts ‘escape’ these signals by delamination and AS-
C genes are no longer required (Fig. 6C). This assumption is supported
by the role of proneural proteins in vertebrates. In the developing
vertebrate CNS, pluripotent neural stem cells generate intermediatelineage-restricted progenitors. Similar to D. magna neuroblasts, both
types of progenitor cells remain in the neuroepithelium. The
vertebrate proneural proteins Neurogenin-2 and MASH1 are required
for maintaining the intermediate progenitor fate (Galichet et al., 2008).
In double-mutants the pluripotent neural stem cells are not affected but
the intermediate progenitors differentiate prematurely into neural cells.
Pan-neural genes and asymmetric division of neuroblasts
Expression proﬁling of wild-type and ase mutants showed that Ase
activates many neuroblast genes in D. melanogaster, among others genes
that are required for asymmetric division (Southall and Brand, 2009).
After delamination, themitotic spindle rotates in the neuroblasts and
Pros is asymmetrically distributed into the GMCs where it enters the
nucleus and acts antagonistically to Ase (Broadus et al., 1998; Choksi
et al., 2006). Pros represses neuroblast genes in the GMCs – including
ase – and is required for the activation of differentiation genes among
others. The asymmetric distribution of Pros to GMCs is affected in
mutants carrying a deletion of all three Sna family genes (Cai et al.,
2001). This phenotype is due to a reduced function of inscuteable in
these mutants which inhibits spindle rotation.
Despite the difference in the ﬁnal position of the neuroblasts, the
expression patterns of the pan-neural genes in D. magna neuroblasts
as well as the division pattern suggest that the initiation of division is
similar in insects and branchiopods (Figs. 6C,D). Both ase and pros
exhibit highly dynamic expression patterns and the data suggest that
these genes are transiently expressed in the same neuroblasts. Ase and
pros expression start at about the same time; however, in some
neuroblasts ase is expressed before pros and vice versa. The onset of
pros expression seems to coincidewith the rotation of themitotic spindle,
since asymmetric divisions resulting in cell divisionsparallel to the surface
were only observed in pros positive neuroblasts. All neuroblasts express
sna throughout neurogenesis indicating that sna might be involved in
asymmetric division similar to D. melanogaster. As in D. melanogaster, ase,
pros and sna are at least transiently expressed in GMCs (Fig. 6C,D).
In linewith our results, 12 hour pulses of BrdU label cells in the same
ring-like domain in the branchiopod T. cancriformis that is occupied by
neuroblasts in D. magna, while the central domain of the hemi-
neuromeres is almost devoid of cell divisions (Harzsch, 2001). Neither
ase nor pros or sna are expressed in the central domain indicating that
neuroblasts are not generated in this area.We therefore suggest that the
central domain gives rise to epidermal precursors. In addition,
neuroblasts might generate epidermal precursors by equal divisions in
the VNE, as has been shown in malacostracans (Dohle, 1976). In
contrast, in the branchiopod L. kindtii neuroblasts seem to arise from all
areas of the VNE (Gerberding, 1997). Gerberding suggests that the
ganglion anlagen assume a wedge-like shape during late stages of
neurogenesis due to epidermal precursors proliferating lateral to the
hemi-neuromeres. However, we did not observe comparable morpho-
genetic movements in D. magna.
Which mode of neurogenesis represents the ancestral state?
The difference in the position and the selection of neuroblasts in
insects and crustaceans raises thequestionwhichmodeof neurogenesis
represents the ancestral state. We suggest that in the last common
ancestor of crustaceans and insects neuroblasts were selected from
proneural clusters and that the neuroblasts segregated from the VNE.
This hypothesis is supported by the following data on neurogenesis in
arthropods.
(1) In the VNE of chelicerates and myriapods, groups of neural
precursors are generated, rather than single neuroblasts as in insects and
crustaceans(DoveandStollewerk, 2003; Stollewerket al., 2001).Despite
this difference, the neural precursor groups are selected from proneural
domainswhich occur in stereotyped positions in each hemi-neuromere,
similar to theproneural clusters of insects. Furthermore,Notchsignalling
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do not adopt the neural fate at the time (Stollewerk, 2002). There is
strong evidence that the segregation of groups of neural precursors
represents the ancestral state in euarthropods. The central neuorendo-
crine system and the stomatogastric nervous system of D. melanogaster,
for example, are generated by segregating neural precursor groups (de
Velasco et al., 2007; Hartenstein, 1997). Furthermore, in the basal insect
Schistocerca americana groups of 4 to 8 cells are selected in the ventral
neuroectoderm (Doe and Goodman, 1985). One cell of the group, the
neuroblast, delaminates while the remaining cells of the group
differentiate into a cap cell and sheath cells that surround the neuroblast
and its lineage. Thus the speciﬁcation of neural precursor groups has
been partially retained in insects.
These data suggest that neuroblasts have evolved from neural
precursor groups. The similar number and arrangement of neuroblasts/
neural precursor groups in the VNE of insects, chelicerates and
myriapods further supports this hypothesis (Döfﬁnger and Stollewerk,
2010). Continuous reﬁnement of proneural gene regulation by
evolutionary changes in the regulatory regions might have resulted in
an exclusive up-regulation of these genes in small groups of cells and
subsequently in singling out of individual neuroblasts as seen in insects
(Negre and Simpson, 2009; Skaer et al., 2002). These data strongly
suggest that the absence of proneural clusters is a derived character of
branchiopods.
(2) In all arthropod groups, except for crustaceans, the precursors
of the nervous system segregate from the VNE (Dove and Stollewerk,
2003; Eriksson and Stollewerk, 2010; Goodman and Doe, 1993; Hejnol
and Schnabel, 2005; Stollewerk et al., 2001). In onychophorans, which
are grouped with the euarthropods and possibly tardigrades in the
phylum ‘Arthropoda’, a massive irregular segregation of up to one
hundred neural precursors per hemi-segment has been described
recently (Eriksson and Stollewerk, 2010). In the tardigrade Thulinia
stephaniae the formation of the four ventral ganglia was traced back to
four neural precursors that segregate into the embryo (Hejnol and
Schnabel, 2005). Furthermore, a restricted number of about 30 neural
precursor groups segregate from the VNE of each hemi-segment in
chelicerates and myriapods and about the same number of neuroblasts
delaminates per hemi-segment in insects (Döfﬁnger and Stollewerk,
2010). The ancestral character of neural precursor segregation is further
supported by recent data on neurogenesis in an annelid (Meyer and
Seaver, 2009). Annelids belong to the Lophotrochozans which are a
sister group to the Ecdysozoa (e.g. arthropods, nematodes (Halanych,
2004)). In the annelidCapitella sp. I (polychaete), one to several adjacent
neural precursors delaminate from the procephalic neuroectoderm.
These data strongly suggest that the segregation of neural precursors
represents the ancestral state of arthropod neurogenesis, while the
maintenance of neuroblasts in the neuroectoderm is a derived character
of malacostracans and branchiopods.
In this context, itwouldbehighly relevant toanalyseneurogenesis in
the remainingcrustaceangroups, e.g., theRemipedia andCephalocarida.
First of all the results would show if the maintenance of neuroblasts in
the neuroectoderm is representative for all crustaceans. Secondly, in
several morphological and molecular studies the monophyly of
crustaceans has been questioned, and either branchiopods or malacos-
tracans have been hypothesised to be the sister group of insects (e.g.,
Hwang et al., 2001; Meusemann et al., 2010; Regier et al., 2005;
Strausfeld, 2009). A recent large-scale phylogenetic analysis which
includes sequences from all major arthropod lineages again suggests
that crustaceans are paraphyletic and presents yet another grouping
(Regier et al., 2010). In this phylogeny, Xenocarida (cephalocarids and
remipedes) are the sister group of insects, while Vericrustacea (e.g.
malacostracans and branchiopods) are a sister group of the insect/
Xenocarida grouping. The absence of neuroblast delamination both in
malacostracans and branchiopods supports this phylogeny, while it
makes previous groupings of either branchiopods/insects or malacos-
tracans/insects unlikely.Conclusions
We conclude that the selection of neural precursors from proneural
clusters as well as the segregation of neural precursors represents the
ancestral state of neurogenesis in arthropods. The derived characters of
malacostracans and branchiopods – the absence of neuroblast segrega-
tion and proneural clusters – might be used to support or reject the
possible groupings of paraphyletic crustaceans with insects.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ydbio.2011.05.662.
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